In U (1) extensions of the Minimal Supersymmetric extension of the Standard Model there is a simple mechanism that leads to a heavy Z boson with a mass which is substantially larger than the supersymmetry breaking scale. This mechanism may also result in a pseudoscalar state that is light enough for decays of the 125 GeV Standard Model-like Higgs boson into a pair of such pseudoscalars to be kinematically allowed. We study these decays within E 6 inspired supersymmetric models with an exact custodial symmetry that forbids tree-level flavor-changing transitions and the most dangerous baryon and lepton number violating operators. We argue that the branching ratio of the lightest Higgs boson decays into a pair of the light pseudoscalar states may not be negligibly small.
Introduction
Such scenarios may be realised when the extra U (1) gauge symmetry, U (1) , is broken by two VEVs coming from the superfields S and S, which are both singlets under the SM gauge group but have opposite U (1) charges. In this case the U (1) D-term contribution to the scalar potential may force the minimum of this potential to be along the D-flat direction (see, for example, [3] ). As a consequence the VEVs S and S can be much larger than the SUSY breaking scale.
The simplest renormalisable superpotential of the SUSY model of the type discussed above can be written as
where φ is a scalar superfield that does not participate in the gauge interactions. When the coupling σ goes to zero the corresponding tree-level scalar potential takes the form
where m 2 S , m 2 S and m 2 φ are soft SUSY breaking mass parameters squared, while g 1 is the U (1) gauge coupling and Q S is the U (1) charge of the SM singlet superfields S and S.
In Eq. (2) the last term is associated with the extra U (1) D-term contribution. In the limit S = S this quartic term vanishes. If (m 2 S + m 2 S ) < 0 then there is a run-away direction in this model, so that S = S → ∞. When the F -terms from the interaction 1 In the literature such states are often referred to as SM singlets and this convention will also be followed in this paper.
in the superpotential Eq. (1) are included this stabilizes the run-away direction and for small values of the coupling σ the SM singlet superfields tend to acquire large VEVs, i.e.
resulting in an extremely heavy Z boson.
Although the SUSY model mentioned above looks rather simple and elegant it also possesses an additional accidental global U (1) symmetry which can be associated with the Peccei-Quinn (PQ) symmetry [4] . This symmetry is spontaneously broken by the VEVs of the SM singlet superfields resulting in a massless axion [5] . To avoid the appearance of this axion one needs to include in the superpotential of Eq.
(1) polynomial terms with respect to the superfield φ which explicitly break the global U (1) symmetry. If the couplings that violate the PQ symmetry are very small, then the particle spectrum of this SUSY model should contain a pseudo-Goldstone boson which can be considerably lighter than all sparticles and Higgs bosons. In fact, the corresponding pseudoscalar Higgs state may be so light that the decay of the SM-like Higgs boson into a pair of these states can be kinematically allowed.
In this article we consider such non-standard Higgs decays within well motivated E 6 inspired extensions of the MSSM, with the particular model described in section 2. We focus on scenarios with an approximate global U (1) symmetry that leads to a pseudoGoldstone boson in the particle spectrum. The pseudo-Goldstone state in these scenarios is mainly a linear superposition of the imaginary parts of the scalar components of the SM singlet superfields φ, S and S. The SM-like Higgs boson on the other hand is predominantly a linear superposition of the neutral components of the Higgs doublets H u and H d , so that the coupling of the pseudo-Goldstone state to the SM-like Higgs boson can be expected to be somewhat suppressed. However it can still lead to a non-negligible branching ratio of the lightest Higgs decays into a pair of pseudo-Goldstone bosons.
In this context it is worth noting that the decay rate of the SM-like Higgs state into a pair of pseudoscalars was intensively studied within the simplest extension of the MSSM, i.e. the Next-to-Minimal Supersymmetric extension of the SM (NMSSM). For reviews of non-standard Higgs boson decays see [6] and for a more recent work see e.g. [7] . The NMSSM superpotential is given by [8] :
where W MSSM (µ = 0) is the MSSM superpotential with the bilinear mass µ set to zero, and λ and κ are new NMSSM-specific couplings 2 . In the limit where the cubic coupling 2 One of the motivations of the NMSSM is the dynamic generation of the supersymmetric Higgs mass parameter µ through the coupling term SH d H u when the singlet field S acquires a vacuum expectation value S , i.e. µ = λ S . κ = 0 the Lagrangian of the NMSSM is invariant under the transformations of the PQ symmetry which leads to the massless axion when it is spontaneously broken by the VEV S . If κ is rather small then the NMSSM particle spectrum involves one light scalar state and one light pseudoscalar state. In addition, if κ → 0 and the SUSY breaking scale is of the order of a TeV, then the lightest SUSY particle (LSP) is the lightest neutralinoχ 0 1 and is predominantly singlino. In this case the LSP couplings to the SM particles are quite small resulting in a relatively small annihilation cross section forχ 0 1χ 0 1 → SM particles, which gives rise to a relic density that is typically much larger than its measured value.
As a consequence it seems to be rather problematic to find phenomenologically viable scenarios with a light pseudoscalar in the case of the NMSSM with approximate PQ symmetry. Nevertheless a sufficiently light pseudoscalar can always be obtained by tuning the parameters of the NMSSM.
In contrast to the NMSSM the mass of the lightest neutralino in the SUSY model considered here does not become small when the PQ symmetry violating couplings vanish.
Moreover, even when all PQ symmetry violating couplings are negligibly small, the LSP can be higgsino-like. This allows a reasonable value for the dark matter density to be obtained if the LSP has a mass below 1 TeV (see, for example [9] ). Thus the approximate PQ symmetry can lead to phenomenologically viable scenarios with a light pseudoscalar in this model. The paper is organised as follows. In section 2 we briefly review E 6 inspired SUSY models with exact custodialZ H 2 symmetry. In section 3 we study the breakdown of the gauge symmetry and the implications for Higgs phenomenology. In section 4 we discuss a set of benchmark scenarios that lead to the decays of the lightest Higgs boson into a pair of pseudoscalar states. Our results are summarized in section 5. In Appendix A the spectrum of the neutralino states is examined.
2. E 6 inspired SUSY models with exactZ H 2 symmetry
In this section, we briefly review the E 6 inspired SUSY models with exact custodial Z H 2 symmetry [10] , which we then use to demonstrate how light pseudoscalar states can appear in SUSY models with an extra U (1) gauge symmetry. We also consider what kind of Higgs decay rates they can lead to.
The breakdown of the E 6 symmetry at high energies may lead to models based on rank-5 gauge groups with an additional U (1) factor in comparison to the SM. In this case the extra U (1) gauge symmetry is a linear combination of U (1) χ and U (1) ψ ,
which are defined by the breakdown of the exceptional Lie group E 6 into SO(10), E 6 → SO(10) × U (1) ψ , and the subsequent breakdown of SO(10) into SU (5), SO(10) → SU (5) × U (1) χ (for a review see Refs. [11, 12] [12, 13] . A few years ago the Tevatron and early LHC Z mass limits in these models were discussed in Ref. [14] . Collider signatures associated with the exotic quarks and squarks have been considered in [15] . Previously, the implications of E 6 inspired SUSY models with an additional U (1) gauge symmetry have been studied for electroweak symmetry breaking (EWSB) [16] [17] [18] [19] [20] , neutrino physics [21, 22] , leptogenesis [23, 24] , electroweak (EW) baryogenesis [25] , the muon anomalous magnetic moment [26] , the electric dipole moment of the electron [27] and of the tau lepton [28] , for lepton flavor violating processes like µ → eγ [29] and for CP-violation in the Higgs sector [30] . The neutralino sector in E 6 inspired SUSY models was analysed in [19, [27] [28] [29] [31] [32] [33] [34] [35] . Such models have also been proposed as the solution to the tachyon problems of anomalymediated SUSY breaking, via U (1) D-term contributions [36] , and have been used in combination with a generation symmetry to construct a model explaining the fermion mass hierarchy and mixing [37] . The Higgs sector and the theoretical upper bound on the lightest Higgs boson mass in the E 6 inspired SUSY models were examined in [20, 35, [38] [39] [40] [41] .
Here we focus on the E 6 inspired SUSY extension of the SM based on the low-energy SM gauge group together with an extra U (1) N gauge symmetry in which right-handed neutrinos do not participate in the gauge interactions. This corresponds to θ = arctan √ 15
in Eq. (5) . In this Exceptional Supersymmetric Standard Model (E 6 SSM) [38, 39] righthanded neutrinos may be superheavy, shedding light on the origin of the mass hierarchy in the lepton sector and providing a mechanism for the generation of the baryon asymmetry in the Universe via leptogenesis [23, 24] . E 6 inspired SUSY models with an additional U (1) N gauge symmetry have been studied in a variety of contexts. Thus they have been investigated in [22] in the context of non-standard neutrino models with extra singlets, in [31] from the point of view of Z − Z mixing, in Refs. [19, 31, 32] the neutralino sector was explored, in [19, 42] the renormalisation group (RG) flow of the couplings was examined, and in [18] [19] [20] EWSB was studied. The presence of a Z boson and of exotic quarks as predicted by the E 6 SSM provides spectacular new physics signals at the LHC, which were analysed in [38] [39] [40] 43] . The existence of light exotic particles also leads to the non-standard decays of the SM-like Higgs boson that were discussed in detail in [44, 45] .
Within the constrained version of the E 6 SSM the particle spectrum and associated collider signatures were studied in [46] and the degree of fine tuning has recently been examined in [47] . The threshold corrections to the running gauge and Yukawa couplings in the E 6 SSM and their numerical impact in the cE 6 SSM were studied in detail in Ref. [48] .
Alternative boundary conditions that take account of D-terms from the other U (1) gauge symmetry broken at the GUT scale were considered in [49] , using the first or second generation sfermion masses to constrain the GUT scale parameters. The renormalisation of the VEVs in the E 6 SSM was considered in [50] .
The presence of exotic matter in the E 6 SSM generically leads to non-diagonal flavor transitions and rapid proton decay. A set of discrete symmetries can be imposed in order to suppress these processes [38, 39] . In this article we study the non-standard Higgs decays mentioned above within the E 6 inspired SUSY models with the extra U (1) N factor in which a single discreteZ over the multiplets given in Table 1 ). It is easy to check that the corresponding set of operators does not contain any operators that lead to rapid proton decay. Since the set of supermultiplets M l contains only one pair of doublets, H d and H u , the down-type quarks and charged leptons couple to just one Higgs doublet, H d , and the up-type quarks couple to H u only. As a result flavor-changing processes are forbidden at tree-level.
Nonetheless, if the set ofZ 
The Here we assume that, in addition to 
where α = 1, 2 runs over the first two generations and i = 1, 2, 3 runs over all three.
We have denoted here the left-handed quark and lepton doublets by Q i and L i , respectively, and the right-handed up-and down-type quarks and charged leptons by u . Neglecting all suppressed non-renormalisable interactions, the low-energy effective superpotential of these models can be written as 
in terms of the dimensionless couplings λ, σ, κ, λ αβ ,
iα ,σ and the dimensionful couplings µ, µ L and Λ, with i, j = 1, 2, 3 and α, β = 1, 2.
The gauge group and field content of the E 6 inspired SUSY models under consideration can originate from the 5D and 6D orbifold GUT models in which the splitting of GUT multiplets can be naturally achieved [10] . In these orbifold GUT models all GUT relations between the Yukawa couplings can get spoiled while the approximate unification of the SM gauge couplings still takes place. From Eq. (7) it follows that extra matter beyond the MSSM fills in complete SU (5) representations in these models. As a consequence the gauge coupling unification remains almost exact in the one-loop approximation. It was also shown that in the two-loop approximation the unification of the gauge couplings in the SUSY models under consideration can be achieved for any phenomenologically acceptable value of the strong coupling α 3 (M Z ) at the scale M Z , consistent with the measured central low-energy value [10, 42] . The Z M 2 symmetry conservation ensures that R-parity is also conserved in the SUSY models discussed above. As also the Z E 2 symmetry is conserved there are two states possible that can be stable. This is either the lightest R-parity even exotic state or the lightest R-parity odd state with Z E 2 = +1. In the E 6 inspired models studied here the stable state tends to be the lightest ordinary neutralino state (i.e. the lightest neutralino state with Z E 2 = +1). Like in the MSSM, this state may account for all or for some of the observed cold dark matter density.
As mentioned before, in the simplest case the sector responsible for the breakdown of
For this case the Higgs sector of the E 6 inspired SUSY models with the extra U (1) N factor was explored in [38] . If CP-invariance is preserved then the Higgs spectrum in these models contains three CP-even, one CP-odd and two charged states. The singlet dominated CP-even state is always almost degenerate with the Z gauge boson. In contrast to the MSSM, the lightest Higgs boson in these models can be heavier than 110 − 120 GeV even at tree-level. In the two-loop approximation the lightest Higgs boson mass does not exceed develop VEVs. The fermionic components of these supermultiplets form inert neutralino and chargino states. 5 The presence of very light neutral fermions in the particle spectrum might have interesting implications for neutrino physics (see, for example [55] ).
150 − 155 GeV [38] . Recently, the RG flow of the Yukawa couplings and the theoretical upper bound on the lightest Higgs boson mass in these models were analysed in the vicinity of the quasi-fixed point [56] that appears as a result of the intersection of the invariant and quasi-fixed lines [57] . It was argued that near the quasi-fixed point the upper bound on the mass of the SM-like Higgs boson is rather close to 125 GeV [56] .
The qualitative pattern of the Higgs spectrum in the E 6 inspired SUSY models with the extra U (1) N gauge symmetry and minimal Higgs sector is determined by the Yukawa coupling λ. When λ < g 1 , where g 1 is the gauge coupling associated with the U (1) N gauge symmetry, the singlet dominated CP-even state is very heavy and decouples from the rest of the spectrum, which makes the Higgs spectrum indistinguishable from the one in the MSSM. If λ g 1 the Higgs spectrum has an extremely hierarchical structure, which is rather similar to the one that arises in the NMSSM with the approximate PQ symmetry [58, 59] . As a consequence the mass matrix of the CP-even Higgs sector can be diagonalised using a perturbative expansion [59, 60] . In this case the mass of the second lightest CP-even Higgs state is set by the Z boson mass, while the heaviest CP-even, CP-odd and charged states are almost degenerate and lie beyond the multi-TeV range.
The Higgs Sector

The Higgs Potential and Gauge Symmetry Breaking
As was mentioned in the previous section, the sector responsible for breaking the gauge symmetry in the SUSY model under consideration includes two Higgs doublets, H u and H d , as well as the SM singlet fields S, S and φ.
The interactions between these fields are determined by the structure of the gauge interactions and by the superpotential in Eq. (8) . The resulting Higgs potential reads
where
denote the three Pauli matrices. At tree-level the Higgs potential in Eq. (9) At the physical minimum of the scalar potential, Eq. (9), the Higgs fields develop
Using the short-hand notation ∂V /∂Φ (Φ= Φ ) ≡ ∂V /∂ Φ , the minimum conditions for the Higgs potential of Eq. (9) read,
Instead of specifying v 1 , v 2 , s 1 and s 2 , it is more convenient to use
The VEV v is given by the electroweak scale, v = v sets the Z mass, as discussed below.
Initially the Higgs sector involves fourteen degrees of freedom. However four of them are massless Goldstone modes. They are swallowed by the W ± , Z and Z gauge bosons.
The charged W ± bosons gain masses via the interaction with the neutral components of the Higgs doublets H u and H d just in the same way as in the MSSM, resulting in
On the other hand the mechanism of the neutral gauge boson mass generation differs substantially. Let the Z and Z states be the gauge bosons associated with the group U (1) N and with the SM-like Z boson, respectively. Then the Z − Z mass-squared matrix is given by
The fields S and S must acquire large VEVs, i.e. s 1 s 2 1 TeV, to ensure that the extra U (1) N gauge boson is sufficiently heavy. Then the mass of the lightest neutral gauge boson Z 1 is very close to M Z =ḡv/2, whereas the mass of Z is set by M Z ≈ g 1Q S s.
The Higgs Boson Spectrum
For the analysis of the Higgs boson spectrum we use Eq. (11) for the extrema to express the soft masses m
and m 2 φ in terms of s, v, ϕ, β, θ and other parameters. Because of the conversation of the electric charge, the charged components of the Higgs doublets are not mixed with the neutral Higgs fields. They form a separate sector, the spectrum of which is described by a 2 × 2 mass matrix. The determinant of this matrix is zero and results in the appearance of two Goldstone states, i.e.
and its charge conjugate (that are absorbed into the longitudinal degrees of freedom of the W ± gauge bosons) and of two charged Higgs states,
with mass
where ∆ ± denotes the loop corrections to m 2 H ± . The imaginary parts of the neutral components of the Higgs doublets and the imaginary parts of the two SM singlet fields S and S compose two neutral Goldstone states
which are swallowed by the Z and Z bosons, as well as three physical states. In Eq. (17) we have introduced
In the field basis (P 1 , P 2 , P 3 ), where
the mass matrix of the CP-odd Higgs sector takes the form
In Eqs. (21) the∆ ij (i, j = 1, 2, 3) denote loop corrections. Since in the models under consideration s must be much larger than v, it follows that γ goes to zero. Moreover, since in phenomenologically acceptable SUSY models the supersymmetry breaking scale also tends to be considerably larger than v, the mixing between P 1 and the other two pseudoscalar states P 2 and P 3 is somewhat suppressed. So one CP-odd mass eigenstate is predominantly P 1 . The other two CP-odd mass eigenstates are mainly made up of linear superpositions of the imaginary parts of the SM singlet fields S, S and φ, i.e. of P 2 and P 3 .
In other words, as the off-diagonal entriesM M 2 11 , the mass matrix, Eqs. (20) and (21), can be diagonalised analytically. In particular, the mass of the CP-odd Higgs eigenstate, that is predominantly P 1 , is set byM 
The pseudoscalar mass eigenstates are labeled according to increasing absolute value of mass, where A 1 is the lightest CP-odd Higgs state and A 3 the heaviest. At tree-level and neglecting all terms proportional to λv one obtains
where we have defined tan δ s 2ϕ sin 2θ .
In this case the lightest CP-odd mass eigenstate is a linear combination of P 2 and P 3 ,
In the limit where the previously discussed global U (1) symmetry violating couplings κ, µ and Λ vanish, the mass of the lightest CP-odd Higgs boson goes to zero. 
the mass matrix of the CP-even Higgs sector takes the form
where 
In Eq. (28) In the limit where λ ∼ σ → 0, the off-diagonal tree-level entries M 
which becomes vanishingly small when M Z M S and/or when σ ∼ λ → 0. In this case the hierarchical structure of the mass matrix, Eqs. (27)- (28), implies that the mass of the Z boson and the mass of the heaviest CP-even Higgs particle associated with S 1 are almost degenerate. Thus the heaviest CP-even Higgs state can be integrated out.
The mass of another CP-even state that is predominantly S 4 , the mass of the CP-odd state that corresponds to P 1 , and the masses of the charged Higgs states are also almost degenerate in this limit. Assuming that the Higgs state that is mainly S 4 is the second heaviest CP-even Higgs state, neglecting all terms that are proportional to the global U (1)-violating couplings (κ, µ and Λ) and setting cos 2θ = 0, one obtains the following approximate analytic expressions for the tree-level masses of the three lightest CP-even Higgs bosons,
Note that in the scenario under consideration the tree-level expression for the SM-like Higgs mass m 2 h 1 is essentially the same as in the MSSM.
Non-Standard Higgs Decays
We now focus on that region of the parameter space that corresponds to the approximate global U (1) symmetry mentioned above, where we have a light pseudoscalar. Since our primary concern in our numerical investigation is to study non-standard Higgs decays and we do not assume any breaking pattern among the soft masses, most of the sfermion masses do not play a significant role. We therefore choose the SUSY breaking parameters that control the masses of the sfermions to be well above the TeV scale thus comfortably evading limits set by the LHC and decoupling them from the spectrum. We do, however, adjust the stop mass parameters to get a Higgs mass of 125 − 126 GeV. The gaugino masses are also chosen to be heavy enough to give a Higgsino dark matter candidate and to evade the LHC limit on the gluino mass. 
with the trilinear Higgs couplings G h 1 A 1 A 1 which is given by the rather lengthy expression 
If m A 1 60 GeV then the CP-even Higgs boson with mass around 125 GeV can decay into a pair of two lightest pseudoscalar Higgs bosons A 1 , through the interaction given in Eq. (32) . The corresponding partial decay width is given by
To compare the partial width of the non-standard Higgs decay of the SM-like Higgs state, Eq. (34), with the Higgs decay rates into the SM particles, we specify a set of benchmark points (see Table 3 ). For each benchmark scenario a code that is automatically generated by FlexibleSUSY [61] is used 6 (based on SARAH [62] [63] [64] [65] [66] and SOFTSUSY [67, 68]) to determine the spectrum of the masses. The complete one-loop self energies are included in the determination of all masses in the model, and leading two-loop contributions to the CP-even and CP-odd Higgs bosons from the NMSSM (O(α t α s ) and O(α b α s )) [69] and the [70] [71] [72] [73] [74] are included by using files provided by Pietro Slavich. The additional corrections that may arise due to our model are expected to be small, as either the new particles do not couple directly to the involved particles or their contributions are small due to suppressed couplings and/or large masses.
The couplings and branching ratios of the lightest CP-even Higgs state were also obtained by calling routines generated by FlexibleSUSY in a small extension of the automatically generated code from FlexibleSUSY. FlexibleSUSY uses SARAH-4.2.1 to derive 6 We used an adapted version of FlexibleSUSY-1.0.2 which contains updates that will appear in the new version FlexibleSUSY-1.0.3. The generated (and modified) code can be supplied on request.
analytical expressions, which is independent of the derivation used to obtain the expressions presented here. Therefore we were able to do an independent check of the mass matrices presented in the previous section and of the coupling G h 1 A 1 A 1 given in Eq. (33) by comparing our code from FlexibleSUSY numerically against an alternative Mathematica code based on those expressions. Hu are negative which ensures that the Higgs fields S and H u acquire VEVs that result in non-zero VEVs for the other 7 Note, that also the decay h 1 → ZA 1 is in principle possible. In all benchmarks scenarios, however, this decay is kinematically closed or strongly suppressed. 8 The electroweak corrections cannot be taken over. They are consistently included only for the SM part of the decay widths, cf. [76] . To construct benchmark scenarios which are consistent with cosmological observations, it is important to guarantee that they lead to relic densities Ω CDM h 2 that are not larger than the result given by PLANCK [77] :
A theory predicting a greater relic density than the PLANCK result is basically ruled out, assuming standard pre-BBN cosmology. A theory that predicts less dark matter cannot be ruled out in the same way, but would require to have other contributions to the dark matter relic density. Since the dark matter density is inversely proportional to the annihilation cross section at the freeze-out temperature, this cross section has to be sufficiently large. In the E 6 inspired SUSY models considered here, the cold dark matter density is formed by the lightest neutralino states. At first glance the neutralino sector in these models is more complicated than the one in the MSSM. Indeed, it contains eight states which is twice as large as the one for the MSSM. However an analysis of the corresponding neutralino mass matrix, which is specified in the Appendix A, indicates that this matrix given in the basis (H formed by the linear superpositions ofS sin θ +S cos θ andφ. In the situation where κ is much smaller than λ and σ, the masses of these eigenstates are approximately
When λ is small and M S M Z the mixing of these states with the MSSM-like neutralino (the superposition ofH The qualitative pattern of the neutralino spectrum discussed above reveals that for sufficiently small values of λ the lightest neutralino tends to be a higgsino dominated state. If this higgsino-like state is lighter than 1 TeV, then it leads to a cold dark matter density that is less than the observed value [9] . Therefore, in all benchmark scenarios specified in Table 3 , the value of the coupling λ is chosen such that the lightest neutralino is predominantly higgsino with mass below 1 TeV.
In summary, we choose the following values for our benchmark scenarios:
The soft SUSY breaking left-and right-handed mass parameters:
The soft SUSY breaking gaugino mass parameters:
The coupling values:
The mixing angle: tan
where the masses in Eq. (37) are associated with the soft scalar masses of the scalar components of superfields listed in Eq. (7) and δ ij in Eq. (40) denotes the Kronecker δ.
All other values are specified in Table 3 , with the exception of those trilinear couplings that are zero. The parameters are chosen such that m h ≈ 125 GeV. The SM parameters are chosen as
As in all benchmark scenarios we took care to choose m A 1 small enough that the decays of the SM-like Higgs state into a pair of the lightest pseudoscalar Higgs bosons are kinematically allowed, it is important to ensure that the lightest CP-odd Higgs boson could not have been detected in the collider experiments to date. In this context it is worth noting that in the case of a hierarchical structure of the Higgs spectrum, which is caused by a large SUSY breaking scale, the couplings of this pseudoscalar state to the SM particles are naturally suppressed. Indeed, as was pointed out in subsection 3.2, the lightest CP-odd Higgs boson is predominantly a superposition of the imaginary parts of the SM singlet fields S, S and φ. These do not couple directly to the SM particles and, furthermore, the mixing between these singlet fields and the neutral components of the Higgs doublets is rather small in this case. As a consequence in all benchmark scenarios presented in Tables 3 and 4 . We follow the procedure of Ref. [80] and combine the signal rates and errors of the two experiments according to Eq. (5) in [81] . We require the h 1 µ-values to be within 2 times the 1σ interval around the respective best fit value. The combined signal rates and errors are given in Table 2 . For channel best fit value 2 × 1σ error is the production channel, they are based on the inclusive production cross section. Details can be found in Refs.
[78] and [79] .
the calculation of the µ-values we have assumed the dominant production cross section to be given by gluon fusion. Subsequently, we have approximated the ratios of the h 1 and the SM gluon fusion production cross sections by the ratio of their decay widths Γ gg into a gluon pair. The gluon decay widths have been calculated with HDECAY in both cases, as outlined above. The program includes the higher order QCD corrections to this decay.
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The approximation of the production cross section ratios by the decay width ratios is valid within about 10-20% depending on the scenario [7] . The µ-value for h 1 into the final state XX is hence given by
where H SM denotes the SM Higgs boson with the same mass as h 1 . The branching ratios BR again have been obtained with HDECAY. For the bb final state, however, Higgsstrahlung V h 1 (V = Z, W ) is the production channel to be used, in accordance with the experiments. This cross section is given by the SM value multiplied with the squared coupling ratio R V V h 1 to gauge bosons. For the bb final state we hence have
Let us now turn to the discussion of the five benchmark scenarios BMA-BME, summarized in Tables 3 and 4. Table 3 Table 4 , the branching ratios of the nonstandard Higgs decays h 1 into A 1 A 1 vary from 10 −3 % to 21% for the various benchmarks.
The table shows, that their size depends rather strongly on the absolute value of the coupling κ. Reasonably large branching ratios ( > ∼ 1%) of these Higgs decays can be obtained 9 For details and a recent discussion, see e.g. [76, 82] . 10 The difference in the µ-values for the W W and ZZ final states arises from different branching ratios.
Although the coupling modifications are the same for these final states, the branching ratios differ, as in eHDECAY electroweak corrections are included in the decay width in the term linear in the SM amplitude. For details, see [76] . Table 3 : Parameters defining the benchmark points BMA-BME, with the associated Higgs masses.
for κ values of O(0.01). Thus we obtain in benchmark scenario BMA with κ = 0.03 a branching ratio of ∼ 8%. In scenario BMC, where also κ = 0.03, the parameters are further optimized to get a large branching ratio, resulting in BR(h 1 → A 1 A 1 ) ≈ 0.21.
The scenario BMD has κ = 0.0273 and a non-standard branching ratio of 0. mass, we are getting closer to the SM-limit, as can be seen from the coupling ratios to the SM particles, which are almost one. Therefore, the non-standard coupling G h 1 A 1 A 1 is smaller compared to BMA and BMC and hence also the corresponding branching ratio.
Both in scenario BMB and BME the κ value is chosen to be small, κ = 0.001. This results in BR(h 1 → A 1 A 1 ) = 4.4 · 10 −5 in scenario BMB. In BME the VEV s has been increased and hence the mass of the Z which is M Z ≈ 6 TeV here, resulting in an even smaller branching ratio. With h 1 non-standard branching ratios of O(10 −5 ) and µ rates that are compatible with the SM, this scenario will not be quickly ruled out by the LHC.
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For the non-standard decays to take place, the pseudoscalar mass must be small An adapted version of FlexibleSUSY was used to calculate the mass spectra and the branching ratios. All other parameters are fixed to the values of BMA. For each value of κ there is a lower limit on A κ where the the BR is zero because the pseudoscalar is too heavy and an upper limit above which there is a pseudoscalar tachyon.
smaller degree of fine-tuning required to obtain a sufficiently light pseudoscalar. 12 Therefore, in order to get a pseudoscalar with mass around 40 − 60 GeV for the κ values of O(0.03) of BMA, BMC and BMD, a fine-tuning of order 1% is needed. It turns out that BME is strongly fine-tuned (∼ 1%) as well. This is because the SUSY breaking scale is doubled compared to the other scenarios and the value of A κ is twice the value of A κ in benchmark BMB. For scenario BMB, on the other hand, the fine-tuning is < ∼ 10%. Both Fig. 1 and Tables 3 and 4 demonstrate that the branching ratios of the decays of the SM-like Higgs boson into a pair of pseudoscalar Higgs states become smaller when κ decreases. This is not a surprising result. Indeed, in the PQ symmetric limit, when the global PQ symmetry is only broken spontaneously, the coupling G h 1 A 1 A 1 is set by (see for example [83] )
12 The branching ratios for this figure have been estimated using generated routines from FlexibleSUSY, which allows for a fast scan over the parameter range. We have checked for a few points that the branching ratios from this simple estimate agree with the ones from HDECAY well enough for our purposes. The deviations are due to approximation made for the h 1 decays into SM particles, which in our simple estimate were set equal to the ones of a SM Higgs boson with same mass. Further differences arise due to the inclusion of higher order corrections in HDECAY.
where M P Q is the PQ symmetry breaking scale and ε represents a suppression associated with the mixing between the SM-like Higgs state and heavy CP-even Higgs states that induce the breakdown of the PQ symmetry. Equation (47) also determines the size of G h 1 A 1 A 1 when the PQ violating couplings are rather small and m A 1 is naturally very light.
A simple estimate using the values of the VEVs of the SM singlet fields given in Table 3 indicates that the absolute value of G h 1 A 1 A 1 is expected to be considerably smaller than /(2M P Q ). This is why we can obtain a large partial width for this decay when κ 0.01.
We can hence summarize that in the model, that we introduced in order to reduce the fine-tuning, from which simple U (1)-extended SUSY models suffer, the non-standard decay of the SM-like Higgs state h 1 into a pair of pseudoscalars is possible. Small κ values lead naturally to light pseudoscalar masses without fine-tuning. In this case, however, the non-standard branching ratios are tiny, and it will be difficult to test these exotic decays at the LHC. For larger absolute values of κ, the corresponding branching ratio can reach the level of a few per cent up to O(20%). This can be achieved, however, only at the price of fine-tuning, in order to get a low enough pseudoscalar mass in this case for the decay to be kinematically allowed.
Conclusions
In this paper we considered the non-standard decays of the SM-like Higgs state within U (1) extensions of the MSSM in which the extra U (1) gauge symmetry is broken by two VEVs of the SM singlet fields S and S with opposite U (1) charges. Because in these models S and S can acquire very large VEVs along the D-flat direction, the Z -boson can naturally be substantially heavier than the SUSY particles. This allows us to satisfy experimental constraints and to alleviate the fine-tuning associated with the Z -boson.
Such U (1) extensions of the MSSM can possess an approximate global U (1) symmetry that gets spontaneously broken by the VEVs of S and S leading to a pseudo-Goldstone boson in the particle spectrum. If this pseudo-Goldstone state is considerably lighter than the lightest CP-even Higgs boson then it may give rise to the decays of the SM-like Higgs particle into a pair of pseudoscalars.
Here we studied such decays within well motivated SUSY extensions of the SM based on the SU (3) C × SU (2) L × U (1) Y × U (1) N × Z M 2 group which is a subgroup of E 6 . The low-energy matter content of these E 6 inspired models includes three 27 representations of E 6 , a pair of SU (2) L doublets L 4 and L 4 , a pair of the SM singlets S and S with opposite U (1) N charges, as well as an SM singlet φ that does not participate in the gauge interactions. To suppress flavor changing processes at tree-level and to forbid the most dangerous baryon and lepton number violating operators an extraZ H 2 discrete symmetry is imposed. We analysed the spectrum of the CP-even and CP-odd Higgs bosons in these on the parameters in these SUSY models was examined. For simplicity, we assumed that there is only one dimensionless coupling κ in the superpotential that explicitly violates the global U (1) symmetry. When κ vanishes the global U (1) symmetry is restored.
In order to illustrate the results of our analysis we specified a set of benchmark scenarios with the SM-like Higgs mass around 125 − 126 GeV. To ensure that the obtained benchmark points are consistent with the measured value of the cold dark matter density we chose the parameters such that the lightest neutralino is mainly higgsino with a mass below 1 TeV. In this case the dark matter density tends to be smaller than its observed value. The results of our analysis indicate that the couplings of the lightest pseudoscalar Higgs to the SM particles are always quite small. As a consequence, although this pseudoscalar state can be rather light, it could escape detection at former and present collider experiments.
We argued that the branching ratio of the decays of the lightest CP-even Higgs boson into a pair of the lightest pseudoscalars depends rather strongly on the absolute value of the coupling κ. We have found that with a modest fine tuning of A κ one can obtain scenarios with h 1 → A 1 A 1 branching ratios of 1% and acceptable values of dark matter relic density.
A The Neutralino Mass Matrix
After the breaking of the gauge symmetry in the E 6 inspired SUSY models under consideration all superpartners of the gauge and Higgs bosons get non-zero masses. Because the extra vector superfield associated with the Z boson and the extra SM singlet Higgs superfields S, S and φ are electromagnetically neutral they do not contribute any extra particles to the chargino spectrum. As a consequence the chargino mass matrix and its eigenvalues remain almost the same as in the MSSM, i.e. 
